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A Sustainable Open Source Math Software

== Ginkgo

High performance sparse linear algebra

GPU-centric high performance sparse linear algebra ecosystem. Sustainable and
extensible ecosystem with support for AMD GPUs, NVIDIA GPUs, and Intel GPUs.

— Linear solvers, eigenvalue solvers;

— Advanced preconditioning techniques

— Decoupling of arithmetic precision (hardware-
supported) and memory precision;

— Linear algebra building blocks;

— Extensible, sustainable, production-ready;

Open source, community-driven

Freely available (BSD License), GitHub, and Spack.
— Part of the E4S and xSDK software stack. ‘

=S #.

— Collaborative Effort:
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Ginkgo's plumbing between backends and algorithms

Operation

Run(OmpExecutor...)

- Ginkgo Run(CudaExecutor...)

Library@oreontainszarchitecture- Core
agnostic@lgorithm@mplementation; Librarynfrastructure

AlgorithmBmplementations
Runtimelbolymorphismiselectstheltighttkerneld * lIterativeBolvers ExeC u tor
dependingBbnEhearget@rchitecture; * Preconditioners

Architecture-specifictkernels®Executehe

aIgorithm@)nEtargetrchitecture;// I \\ Ru n (Operatlon)

Reference F— o e p— Allocate(size, ...)
Referencel®ernelsi OpenMP kernelszl CUDA®GPUernels HIPEGPUernels DPC++Bkernels
* SpMV * SpMV e SpMV s SpMV ¢ SpMV F ree(ptr)

* Solvertkernels * Solverikernels
* Precond kernels ¢ Precond kernels
o

* Solverikernels
* Precond kernels

* Solverikernels
* Precond kernels

* Solverikernels
* Precond kernels

Referencelkernelszarer OptimizedRarchitecture-specifictkernels;
sequentialfkernels®oheck . googletest Cu d aEX ecu to r
correctnessibflalgorithme < < <

Copy(ptr, OtherExec)

Dpc++Executor

designBand@ptimizedikernels;

Allocate(size, .
Free(ptr)

Allocate(size,

Free(ptr)

Copy(ptr, OtherExec) @ Copy(ptr, OtherExec)
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Porting Ginkgo’s CUDA Code to the oneAPI Ecosystem

Library@oreontainszarchitecture-
agnostic@lgorithm@mplementation;

Runtime@olymorphismiselectstheighternel?
dependingPonithearget@rchitecture;

Architecture-specifickernels@Executelthe
algorithm@®nltarget@rchitecture;

Reference OpenMP
Referencelkernels? OpenMP kernels?l
e SpMV * SpMV
* Solverikernels * Solverikernels
e Precond kernels * Precond kernels

Referencelkernelszarel
sequentialfkernelsftotheck?
correctnessifalgorithm(
designZandkbptimizedikernels;

== Ginkgo

| Core Three steps to porting:
ARorimimplementatos 1. Add a new executor and other core
. recondiioners library infrastructure and new stub
o kernels. Also add key kernel

~ ) programming components
CUDABEPS;Z:weIs HIPEEPUEk:I:eIs DPC++Eke[:::s+ (Cooperative group, redUCtionS’ T )
T B e Semi-Manual.

: Precond kernels Precond kernels + Precond kernels 1. DPC++ USM
2. DPC++ in_order queues
Optimizedarchitecture speciicernel - — j persistent for the executor
i“]gf?ﬂq’ﬁ 2. Automatically port kernels one by
one using DPCT.
3. Tune performance and leverage
advanced features. Manual.
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Porting Ginkgo’s CUDA Code to the oneAPI Ecosystem

We generate the Ginkgo DPC++ backend from the CUDA
backend via DPCT porting tool.

==Ginkgo

Cross-Architecture Programming for Accelerated

Intel® DPC++ Compatibility Tool

Library@oreontainszarchitecture- Core

agnostic@lgorithm@mplementation; Librarynfrastructure
AlgorithmB@mplementatig
* |terativeBolvers

* Preconditioners

4 I

Runtime@olymorphismiselectstheighternel?
dependingPonithearget@rchitecture;

Architecture-specifictkernelsfExecutehe

algorithm@®nitarget@d rChiteCture;//

T~ )

~N

Reference OpenMP \ CUDA HIP DPC++
Referencel®ernelsi OpenMP kernelszl CUDA®GPUernels HIPEGGPUEernels DPC++kernels et
. SpMV . SpMV . SpMV . SpMV . SpMV | ]
* Solvertkernels * Solverikernels * Solvertkernels * Solverikernels * Solverikernels -
e Precond kernels * Precond kernels * Precond kernels * Precond kernels ¢ Precond kernels

O .. O e o
Developer's
CUDA" Source

/

\_ J

-‘5
@) googletest
g Intercept-Build

1. Create a compilation
database file

wwic@emels
fl T

Referencelkernelsiarel
sequentialfkernelsftotheck?
correctnessifalgorithm(
designBand@ptimizedikernels;

¢

intercept-build make

i

Complete Coding &
Tune to Desired
Performance

80-90%
Transformed

s

HH Human Readable

DPC++ with Inline
Comments

Compatibility
Tool

2. Migrate your source to DPC++

dpct -p compile_commands.json

-in-root=$PROJ_DIR
-out-root=dpcpp_out *.cu

mpute, Freedom of Choice for Hardware

Intel® DPC++ Compatibility Tool Usage Flow

DPC++
Source Code

@ =

3. Verify the source for

correctness and fix not
migrated parts

https://software.intel.com/content/www/us/en/develop/documentation/get-started-with-intel-dpcpp-compatibility-tool/top.html
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Porting Ginkgo’s CUDA Code to the oneAPI Ecosystem

Library@oreontainszarchitecture-
agnostic@lgorithm@mplementation;

Runtime@olymorphismiselectstheighternel?
dependingPonithearget@rchitecture;

Architecture-specifickernels@Executelthe

algorithm®nitargett rchitecture;//

Reference OpenMP \
Referencelkernels? OpenMP kernels?l
e SpMV * SpMV

* Solverikernels
* Precond kernels

* Solverikernels
e Precond kernels

)

== Ginkgo

Core

Librarynfrastructure
Algorithm@mplementatig
* |terativeBolvers

* Preconditioners

CUDA HIP
CUDA®GPUernels HIPEGGPUKernels

e SpMV e SpMV

* Solverikernels * Solverikernels

* Precond kernels * Precond kernels

Referencelkernelszarel
sequentialfkernelsftotheck?
correctnessifalgorithm(

Wickernels;

T\ T~

¢ SpMV

\

~

DPC++

DPC++Bkernels

* Solverikernels
¢ Precond kernels

i

<

designBand@ptimizedikernels;

M 1

i googletest

-

_—

We generate the Ginkgo DPC++ backend from the CUDA
backend via DPCT porting tool.

Encountered Limitations:

* DPCT requires knowledge about all functionality
dependencies -> need to mimic dependencies;

* The conversion fails for heavily-templated functionality;

* DPCT fails to convert cooperative group functionality or
atomics, both needed for high performance;

* Ginkgo’s software architecture requires some
customized solutions;

* We wantto runon diverse Intel oneAPI architectures;

https://software.intel.com/content/www/us/en/develop/documentation/get-started-with-intel-dpcpp-compatibility-tool/top.html
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Porting Ginkgo’s CUDA Code to the oneAPI Ecosystem

Origin

Adding Interface

DPCT

Recovering

// coopgp.hpp
auto this_thread block() {

// create this thread block i
for alias

#include "coopgp.hpp”

auto block =
..,this_thread block();

Manual porting

A 4

change the hea

der and function
\ 4

Tw
.
.......
ey
.y
LI

LT
N
.....
.y,

//#include "coopgp.hpp"
#include "coopgp_t.hpp"ettttT

auto block =
:his_:hread_block_:l);

Avoid DPCT fo
convert these
function

// coopgp t.hpp Tt
#include <coopgp.hpp>

autolzhis thread block :h) {

auto tidx = threadldx.xj
return

|:h15_:hread_blocx_1()q

Y

Converted by DPCT

Y

//#include "coopgp.hpp"
#include "coopgp_t.hpp"

auto block =
this_thread block t(
[F=—4 Pt ados
nd_item<3>
automatically

// coopgp t.hpp
#include <coopgp.hpp>
auto this thread block t({

auto tidx = ...;

change the header and functori

// coopgp.dp.hpp

auto this thread block(
nd_item<3>

[

‘ ““““““

#include "coopgp.dp.hpp"

auto block =
this thread block(
nd item<3>);

9 Terry Cojean: Porting the Ginkgo Math Library to the OneAPI ecosystem

Separate functions to convert
(including necessary headers);

Employworkarounds preventing

meebel® DPCT frominvalid conversions;

able to add
nd_item<3>

Run DPCT on isolated kernels;

Automatically apply additional fixes;

Re-integrate into software stack

06/21/2021



Re-engineering cooporative group calls

DPCT fails to handle cooperative group statements

template<unsigned subgroup_size, typename ValueType>
void reduce(ValueType *a, sycl::nd_item<3> item_ctl) {

sycl::group<3> subwarp = item_ctl.get_sub_group();
auto local_data = alitem_ctl.get_local_id(2)];

template <unsigned subwarp_size, typename ValueType>
__global__ __launch_bounds__(32) void reduce(ValueType xa) {

auto subwarp = cooperative_groups::tiled_partition<16>(
cooperative_groups::this_thread_block());

auto local_data = althreadIdx.x];

#pragma unroll

#pragma unroll
for (int bitmask = 1; bitmask < subwarp.size(); bitmask <<= 1) {

const auto remote_data = subwarp.shfl_xor(local data, bitmask);
local_data = local_data + remote_data;

}

for (int bitmask = 1; bitmask < subwarp.size(); bitmask <<= 1) {
alitem_ctl.get_local_id(2)] = local_data;

const auto remote_data = subwarp.shfl_xor(local_data, bitmask);
local_data = local _data + remote_data;

H
althreadIdx.x] local_data;

template<unsigned subgroup_size, typename ValueType>
[[ intel::reqd_sub_group_size(subgroup_size) 1]
void reduce(ValueType *a, sycl::nd_item<3> item_ctl) {

Different way to assign the group size
auto subwarp = item_ctl.get_sub_group();
Manually insert Cooperative group calls auto local_data = alitem_ctl.get_local_id(2)];
#pragma unroll

for (int bitmask = 1; bitmask < subgroup_size; bitmask <<= 1) {

4 14 V4
D’fferent namefor Shufﬂe const auto remote_data = subwarp.shuffle_xor local_data, bitmask);
local_data = local_data + remote_data;

¥
alitem_ctil.get_local_id(2)] = local_data;

06/21/2021
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Aim for similar backend designs

CUDA
In-kernel static shared memory allocation

In-sync execution

cuda kemel

static shared memory

-

Main

other operations

cuda_kemel call

grid and block

|dynamic shared memory |

stream

arguments

~

& | other operations | _/

Terry Cojean: Porting the Ginkgo Math Library to the OneAPI ecosystem

DPC++

Static shared memory allocated outside kernel
SYCL-style asynchronous kernel execution

06/21/2021
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Aim for similar backend designs

CUDA
In-kernel static shared memory allocation

In-sync execution

cuda kemel

static shared memory

/ Main \\

| otheroperations |

cuda_kemel call

grid and block

|dynamic shared memory |

| stream |

| arguments |

\ | other operations | _/

Terry Cojean: Porting the Ginkgo Math Library to the OneAPI ecosystem

DPC++

* Static shared memory allocated outside kernel
* SYCL-style asynchronous kernel execution

» Mimic backend similarity by adding intermediate layer

» Synchronize streams

» Handle static shared memory allocation in intermediate layer

-

DPCPP kemel

-

Main \

other operations |

additional_layer call

grid and block

-
-
-
*

]

|dynamic shared memory | .

queue |

arguments |

T -

|

other operation

additional layer

queue submission

static shared memory

|dynamic shared memory |

Parallel execution

grid and block

| arguments

dpcpp_kemnel call ‘

-------------------

R I e e e e e e

06/21/2021
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Aim for similar backend designs

Reference
Referencelkernels?
* SpMV

* Solverikernels

e Precond kernels

Referencelkernelszarel
sequentialfkernelsftotheck?
correctnessflalgorithm(
designBandptimizedikernels;

Terry Cojean: Porting the Ginkgo Math Library to the OneAPI ecosystem

cuda kemel
static shared memaory

Main
other operations

cuda_kemel_call
arid and block

dynamic shared memaory

stream
arguments

k ofher operations _/

OpenMP
OpenMP kernelsl
* SpMV

* Solverikernels

* Precond kernels

CUDA
CUDAGPUkernels
. SpMV

* Solverikernels
* Precond kernels

! [ DPCPP kernel ]

/ additional layer ™,

queue submission
static shared memory

1
1
'
'
L}
1
1
'
'
L}
1
'
'
' dynamic shared mem
'
'
L}
L}
'
'
L}
L}
1
'
'

Paraliel execution

grid and block

dpcpp_kemel_call

arguments

Main
additional_tayer_call
grid and block

UE Aamic shared memo E

queue

arguments
other gperation

HIP DPC++
HIPEGPUernels DPC++Bkernels

« SpMV . SpMV

* Solverikernels * Solverikernels
* Precond kernels ¢ Precond kernels

Optimizedzarchitecture-specifictkernels;

T ¢

=
{T ﬁ &]999&!5&?3&
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The oneAPIl hardware zoo

oneAPI/DPC++ is supported by hardware architectures
with different characteristics:

* Intel GPUs support subgroup sizes 8, 16, 32

* Intel CPUs support subgroup sizes 4, 8, (16)

* Gen9 GPUs support max workgroup size 256
 DGI1 GPUs support max workgroup size 512

» We need a way to choose a valid (and good!)
configuration for all hardware architectures.

14  Terry Cojean: Porting the Ginkgo Math Library to the OneAPI ecosystem 06/21/2021



The oneAPI hardware zoo using cfg = C

t, Cfg::encode(512, 32), Cfg::encode(256, 16)>();

<std::uint32 t cfg>

oneAPI/DPC++ is supported by hardware architectures

. }1 (j.ff f] .. [[intel::reqd work group size(l, 1, Cfg::decode<@>(cfg)]] kernel(args...)
wit ITferent characteristics: {
) wg size = Cfg::decode<@>(cfg);
* Intel GPUs support subgroup sizes 8, 16, 32 sg size = Cfg::decode<i>(cfg);

* Intel CPUs support subgroup sizes 4, 8, (16)
* Gen9 GPUs support max workgroup size 256
 DGI1 GPUs support max workgroup size 512

o kernel call(...)

cooperative group<sg size>(this thread block(item ct1));

desired cfg =
> We need a way to choose a valid (and good!) get_cfg(cfg_list, validate);
configuration for all hardware architectures.

kernel selection(
cfg list,
We use the ConfigSet to encode all info into (fdestred crgl(stdx: €fg) { return desired cfg = cfes b -oo)s
one number and couple this concept with
generating the kernels for all valid configs at
compile time and selecting the kernel suitable

for the given hardware at compile time.
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The ConfigSet encoding

We store the ConfigSet as bits for a bitmask comparison:

use 32 bits
encoding for ConfigSet<3, 11, 7>
encode the config encode(4, 256, 16)

the resultis4 * 27018 + 256 * 2°A7 + 16

16  Terry Cojean: Porting the Ginkgo Math Library to the OneAPI ecosystem

) 9,:9,9,9.9.9,9,9,9.9.9,9,9.9.9,9,9,9.0.9.9,9,9.9.9,9,9,.0.9,9,0,4

XAXXXXXXXXXX 1 9,9,9.9.9,9.9,.9,9.9.9,:9.9.9:9,9.9:¢

256 16

00000000000010001000000000010000

/

Kernel mode parameter

Workgroup size

Subgroup size

06/21/2021



The ConfigSet encoding P

t, Cfg::encode(512, 32), Cfg::encode(256, 16)>();

<std::uint32 t cfg>

oneAPI/DPC++ is supported by hardware architectures

. }1 (j.ff f] .. [[intel::reqd work group size(l, 1, Cfg::decode<@>(cfg)]] kernel(args...)
wit ITferent characteristics: {
) wg size = Cfg::decode<@>(cfg);
* Intel GPUs support subgroup sizes 8, 16, 32 sg size = Cfg::decode<i>(cfg);

* Intel CPUs support subgroup sizes 4, 8, (16)
* Gen9 GPUs support max workgroup size 256
 DGI1 GPUs support max workgroup size 512

o kernel call(...)

cooperative group<sg size>(this thread block(item ct1));

desired cfg =
> We need a way to choose a valid (and good!) get_cfg(cfg_list, validate);
configuration for all hardware architectures.

kernel selection(
cfg list,
We use the ConfigSet to encode all info into (fdestred crgl(stdx: €fg) { return desired cfg = cfes b -oo)s
one number and couple this concept with
generating the kernels for all valid configs at
compile time and selecting the kernel suitable

for the given hardware at compile time.
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Ginkgo’s Functionality and Performance in the DPC++ ecosystem

100
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Terry Cojean: Porting the Ginkgo Math Library to the OneAPI ecosystem

Performance of Ginkgo’s SpMV kernels and
OneMKL SpMV on a Intel DG1 GPU (float).

Test case: (All) Matrices available in the Suite Sparse
Matrix Collection* that fit the GPU memory.

*https://people.engr.tamu.edu/davis/suitesparse.html

06/21/2021
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Ginkgo’s Functionality and Performance in the DPC++ ecosystem

Ginkgo SpMV (after simple tuning)
-1 8bnkgo_csr B ginkgo coo  onemkl _csr [l onemkl_opti_csr

R s
90 - .9
80 & .
= ¢ 3"+ Performance of Ginkgo’s SpMV kernels and
2 70 ' _ ‘-.'5- ":. OneMKL SpMV on a Intel DG1 GPU (float).
3 60 RS W o
-~ §o o . o.
3 50 R
% 40 «* .« Test case: (All) Matrices available in the Suite Sparse
= o< %%+ Matrix Collection* that fit the GPU memory.
© s
o 30
o .
20
10 L) ®
O o oo sse e @ !
X XQ X(b Xb‘ XV ;\ X%
N @ 2 & P 0@ 0@

*https://people.engrtamu.edu/davis/suitesparse.html
#nonzeros ps://people.eng / / p
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Ginkgo’s Functionality and Performance in the DPC++ ecosystem

Ginkgo Krylov Solvers

5 Bl bicgstab cg I cogs M fco M gmres
= 100
=
s 80
° . o o o = ¢
e 60 @ ® ® @ pe
& 40 ° o L
- . . . ) 3 o | Performance of Ginkgo’s Krylov solver
= 20 on an Intel Gen9 GPU.
S 0
o D - O
S & S & & % & N F & N
& < N Q7 N Vv S & 3 O
Q@ & & N ;\\Q Q7 & & O {)-E-
~ @*‘Q cc,@ O C}} \')6\ © N
@/ e
Q
()‘}
Problem

*https://people.engr.tamu.edu/davis/suitesparse.html
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Using Ginkgo’s DPC++ backend to run simulations in the oneAPI ecosystem

https://github.com/ginkgo-project/ginkgo/blob/develop/examples/heat-equation/heat-equation.cpp kel ¥ *kx<DESCRIPTION> " S— sokcickcholk
This example solves a 20 heat conduction equation

u : [@, d1*2 \rightarrow R\\
\partial_t u = \delta u + f

= with Dirichlet boundary conditions and given initial condition and
constant-in-time source function f.

The partial differential equation (PDE) is solved with a finite difference
spatial discretization on an equidistant grid: For “n* grid points,
and grid distance $h = 1/n$ we write

u_{i,j}' = valpha (u_{i-1,j} + uw_{i+1,j} + u_{i,j-1} + u_{4i,j+1}
-4 u_{i,j}) 7/ h"2
+ f_{i,j}

We then build an implicit Euler integrator by discretizing with time step $\tau$

(u_{i, i {k+1} = u_{i,j}*k} / \tau =
valpha (u_{i-1,j}~{k+1} - u_{i+1,j}~{k+1}

+ u_{i,j-1{k+1} - u_{i,j+13{k+1} - 4 u_{i, j}*{k+1}) / h"2
+ f_{i,j}

and solve the resulting linear system for $ u_{\cdot}*{k+1}$% using Ginkgo's CG
solver preconditioned with an incomplete Cholesky factorization for each time
step, occasionally writing the resulting grid values inte a video file using
OpenCV and a custom color mapping.

The intention of this example is to provide a mini-app showing matrix assembly,

Video realizing the heat equation simulation in the Intel DevCloud: vector initialization, solver setup and the use of Ginkgo in a more complex
. . . setting.
http://www.icl.utk.edu/~hanzt/slides/GinkgoHeatEqDevCloud.mp4 - , o DESCRIPTION —
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https://github.com/ginkgo-project/ginkgo/blob/develop/examples/heat-equation/heat-equation.cpp



https://github.com/ginkgo-project/ginkgo/blob/develop/examples/heat-equation/heat-equation.cpp

Next Steps

Porting completed for:
e Basic BLAS functionality
e Sparse matrix vector product

(SR, COO, ELL, SellP, hybrid
* lterative linear solvers

* (G, BiCGSTAB, CGS,

FCG, GMRES

e Simulation workflows

Porting ongoing for:

 SpGEMM, SpGEAM

* |IDR Krylov solver

e Multigrid methods

* Advanced preconditioners
(ParlLU, ParlLUT, block-Jacobi...)

* Evaluate performance of DPC++ backend

on AMD and NVIDIA devices;

== Ginkgo

GPU-centric high performance sparse linear algebra ecosystem. Sustainable and
extensible ecosystem with support for AMD GPUs, NVIDIA GPUs, and Intel GPUs.

Library@oreontainskarchitecture- Core
agnostic@lgorithm@mplementation; Librarynfrastructure
AlgorithmAmplementations
RuntimeBbolymorphismiselectsithefightikerneld * lterativeBolvers
depending@onithelargetf@rchitecture; * Preconditioners

Architecture-specifickernels®xecutelthe

algorithmEbnEtarget@rchitemV/ | \\

Reference OpenMP CUDA HIP DPC++
Referencelkernelsk OpenMP kernelsi CUDAGPUGkernels HIPEG PURernels DPC++Bkernels
+ SpMV + SpMV + SpMV + SpMV « SpMV
* Solverkernels * Solverkernels * Solverkernels * Solverkernels * Solverkernels
* Precond kernels * Precond kernels ¢ Precond kernels * Precond kernels ¢ Precond kernels

OptimizedBarchitecture-specifictkernels;

-
{T ? f @9992.‘5??&5

Referencelkernelszarel

sequentialkernelsoheck?
correctnessfalgorithmi
designEandebptimizedikernels; < <
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